Abstract: This paper presents the application of a recently developed and validated approach to accurately estimate the sprung mass mode dynamic characteristics of road transport vehicles using only on-the-road vertical vibration response data during constant speed operation. A description of the developed analytical approach using the random decrement technique and the Hilbert transform is included. Three experimental case studies are presented, each using a different road transport vehicle travelling at various nominally constant operating speeds over different roads to demonstrate the ability of the on-the-road approach to practically estimate the sprung mass modal properties, namely natural frequency and damping. The estimated dynamic characteristics were compared with different experimental procedures currently in use, including response-only (transient), and excitation-response methods. The new method provides a simpler, cost effective, and practical approach to obtain reliable and realistic estimates of the sprung mass mode natural frequency and damping ratio.
Introduction
A well-maintained and sophisticated road network is a vital component of modern economies, facilitating the transport of products, goods, equipment, and passengers. As a vehicle travels over an uneven road surface, a complex dynamic interaction occurs and anything transported by the vehicle is subjected to shocks and vibration. Ride quality is used to describe the vehicle's ability to provide a comfortable ride, minimising and isolating the shocks and vibration generated during transport. There are three contributing factors to assessing ride quality: the vehicle's suspension system, the pavement surface, and the subject's tolerance to these shocks and vibration. A study undertaken by Sweatman et al. (2000) found that the two most important suspension parameters related to vehicle ride quality are the sprung mass mode natural frequency, and the suspension damping ratio. The authors identified the shock absorbers as the critical component "whose wear is likely to erode suspension road-friendliness in-service" (Sweatman et al., 2000) . Shock absorbers are also the most difficult vehicle component to accurately assess due to their complex behaviour. On the condition that a vehicle's payload remains constant, any change in the sprung mass mode natural frequency can generally be attributed to deterioration of the suspension system's stiffness. On the other hand, a change in the damping ratio is often caused by a decline in the condition of the shock absorbers. Any deterioration in vehicle ride quality has significant consequences to a number of areas, including:
Heavy vehicle road-friendliness
One consequence of the complex interaction between vehicles and roads is pavement deterioration. The use of heavy vehicles across road networks to transport increasingly large volumes of freight results in an increase in the dynamic loads induced on pavements. In order to minimise pavement damage, several studies into identifying and establishing the road-friendliness of heavy vehicles have been undertaken (e.g., Sweatman et al. (2000) ). The Council of the European Union (CEU) (1996) issued directive 96/53/EC to establish the road-friendliness of a vehicle using estimates of the sprung mass mode natural frequency and suspension damping ratio.
Ride quality for passenger comfort and protection of goods and equipment
For passenger vehicles, ride quality is concerned with isolating the vibration introduced by irregular pavements through an adequate suspension system designed for passenger comfort. The ride quality of heavy vehicles is important not only for occupant comfort, but also to prevent payload damage during transport. Packaging engineers are required to optimise their protective packaging systems in order to minimise the quantity of packaging material used, while preventing damage from occurring during transport. While under-packaging of a product (or equipment) is clearly identified by the occurrence of damage, it is considerably more difficult to determine if a product has been over-packaged. The importance of protective packaging systems encompasses economic, environmental, and social sustainability efforts (Azzi et al., 2012) . A study undertaken within the European Union found that the hidden costs associated with over-packaging were estimated to cost €130 billion per year (Ostergaard, 1991) . The hidden costs of over-packaging are due to factors such as increased traffic, pollution, disposal, and antedated pavement deterioration.
Vehicle health monitoring
Another consideration is the fatigue of vehicle and suspension components throughout its operational life. An ineffective or inadequate suspension system leads to poor ride quality and increased pavement damage. A heavy vehicle survey conducted by Blanksby et al. (2006) at a rural highway in Australia found that at least one of the requirements for roadfriendly suspensions (sprung mass natural frequency and suspension damping ratio) was not met by more than half of the 150 heavy vehicles inspected. This demonstrates yet another need for determining the dynamic characteristics of a vehicle in order to monitor the health of a vehicle or suspension system throughout its operational life.
For these reasons, it is important to be able to accurately estimate the dynamic characteristics, or Frequency Response Function (FRF), of a vehicle. The vehicle's sprung mass mode dynamic characteristics must also be estimated multiple times throughout its life cycle, and so a method which is cost-effective, practical, and accurate is required. Current practices for estimating a vehicle's sprung mass mode dynamic characteristics are usually limited to laboratory testing. For example, the CEU outlined three response-only (transient) experimental methods under directive 96/53/EC focused on evaluating the road-friendliness of heavy vehicles (Anon., 1996) . Other laboratory methods exist which can be used to estimate the dynamic characteristics of vehicles, such as the use of large-scale servo-hydraulic vibration tables (e.g., Sweatman et al., 2000; De Coninck et al., 2003; Lin et al., 2011; Long et al., 2018) . These methods for estimating the dynamic characteristics of vehicles were found to each have various limitations (Ainalis, 2014; Ainalis et al., 2015a; Ainalis et al., 2012) . To address this, a practical method using only a relatively short record of the vertical vibration response of a vehicle's sprung mass mode travelling at a nominally constant operating speed was developed. The method, based on the random decrement technique, was initially developed and validated using a custom-design single-wheeled experimental vehicle (Ainalis et al., 2015b; Ainalis et al., 2016) . The analysis technique is described in further detail in the following section. Following the description of the analytical approach, a series of experimental results are presented using the on-the-road measured vertical vibration response of three road transport vehicles travelling at various nominally constant operating speeds.
Random decrement-based analysis for vehicle dynamic characteristics estimation
This section provides an overview of the recently developed analytical approach to accurately estimate the sprung mass mode dynamic characteristics of road vehicles using only on-the-road vertical acceleration vibration response data while travelling at a nominally constant operating speed.
Random decrement technique
Once the on-the-road measurements with the transport vehicle travelling at a nominally constant operating speed have been made, the random decrement technique is used to analyse the vertical vibration signal (Cole, 1968; Cole, 1973) . The formal definition of the auto-random decrement technique xx D for a single channel measurement is given in equation (1). The random decrement technique extracts a series of sections from the response time history data based on the specified trigger conditions, from which the average is computed. As the number of averages ( RD N ) increases, the zero-mean random content within the signal tends to zero and the resulting signature is "an estimate of the step response of the system" (Siviter and Pollard, 1985) . An illustrated example of the random decrement technique using the simulated acceleration response of a Single Degree-of-Freedom (SDoF) system excited by a moving base with random white-noise acceleration is presented in Figure 1 .
where x is the measured response signal, N is the number of trigger points (window size), for the random decrement signature, i t is the selected window time, w τ is the time variable, and a is the trigger level.
Prior to the application of the random decrement technique, a low-pass filter is applied to the response data to isolate the sprung mass mode, with details of the filter given in Table 1 . Initial development into the approach found the optimum parameters for using the random decrement technique on vehicle response vibration to estimate the dynamic characteristics and is shown in Table 1 (Ainalis, 2014) . 
Random decrement signature analysis
From the previous section it was stated that the established random decrement signature is an estimate of a system's impulse response function. With the sprung mass mode response isolated during pre-processing, the established random decrement signature is then analysed to estimate the sprung mass mode natural frequency and damping ratio using the Hilbert transform (Thrane, 1984) . A brief description of the development and background of the approach is described herein. The Hilbert transform H of the established random decrement signature xx D is given in equation (2). (4) and (5), respectively.
The vehicle's sprung mass mode damped natural frequency sd f is calculated from the slope of the instantaneous phase, as shown in equation (6).
( )
To establish the damping ratio of the suspension system, further derivations are required. Equation (5) is expressed in terms of an SDoF system, with the new relationship for the envelope of the analytic signal given in equation (7).
where the sprung mass mode natural frequency is sn f , and s ζ is the suspension damping ratio. By converting the damped natural frequency to natural frequency, Equation (7) is then solved for the suspension damping ratio , s ζ as shown in equation (8). The estimate is made from the slope of the instantaneous envelope of the random decrement signature.
where ln is the natural logarithm. Note that since 0,
Having established the sprung mass mode damped natural frequency and damping ratio, the natural frequency of the sprung mass mode is then easily determined. Finally, the sprung mass mode dynamic characteristics are input into the SDoF transmissibility FRF ( ) T f in equation (9). A complete description of the development and experimental validation of the entire approach is given in Ainalis (2014) and Ainalis et al. (2016) . 
where the frequency ratio is / sn r f f = .
Experimental set-up and procedure
A series of on-the-road experiments were undertaken using three different road transport vehicles travelling over different roads at various nominally constant operating speeds. Alternative methods to estimate the dynamic characteristics of the sprung mass mode of the road vehicles were performed to provide a comparison with estimates made using the on-the-road measurements. This section describes the road transport vehicles used, and the experimental procedure undertaken for each of the various methods.
Experimental set-up
Three different transport vehicles were selected to undertake the on-the-road experiments: a van, a light transport vehicle, and a heavy transport vehicle. Photographs of the vehicles are presented in Figure 2 , and a list of the specifications and details of the transport vehicles is given in Table 2 . The three vehicles were all instrumented to measure the sprung mass vertical acceleration response, however, the operating speed of the light and heavy transport vehicles were also simultaneously measured using a GPS unit. For the light and heavy transport vehicles, the vibration sensor was mounted at the rear of the tray (in the middle laterally), while the sensor for the transport van was mounted on a 100 kg steel mass and placed directly above the rear axle (in the middle laterally). 
Experimental procedure
This section describes all three different experimental procedures undertaken. Apart from the on-the-road procedure, two other experimental methods for estimating the sprung mass mode dynamic characteristics were used to provide a comparison with the on-the-road estimates. The transport van was placed on a large-scale servo-hydraulic vibration table to establish the vehicle's FRF (excitation-response method), while the light and heavy transport vehicles were driven over a custom ramp to estimate the sprung mass mode dynamic characteristics. The ramp test was selected as an alternative test method to the excitation-response method for the light and heavy transport vehicles. The ramp test is widely used for heavy vehicles and was one of the recommended experimental methods outlined in the worldwide Dynamic Interaction between Vehicles and Infrastructure Experiment coordinated by the Organisation for Economic Cooperation and Development (Anon., 1998) .
Ramp test experimental procedure and analysis
Various response-only (transient) methods can be used to estimate the sprung mass mode dynamic characteristics by inducing a transient excitation into a vehicle and analysing the free-response vibration. The CEU outlined three response-only (transient) experimental methods suited for the evaluation of heavy vehicle road-friendliness (Anon., 1996) . The ramp test was found to obtain the most consistent estimates of the dynamic characteristics of the idealised vehicle's sprung mass mode (Ainalis, 2014) . For the ramp test, two full-scale ramps were designed and constructed according the specifications outlined by the CEU (Figure 3 ). The ramp is designed to have a relatively long lead up to minimise the generation of any additional vibration prior to the step off the ramp. The vehicle begins with its front wheels just past the ramp, then driven at a constant speed of 5 ± 1 km/h over the ramps and the subsequent vibration response is measured (Anon., 1996) . The ramp test was repeated five times for both the light and heavy transport vehicles to investigate the consistency of the estimated dynamic characteristics obtained by the test. Prior to analysis of the free vibration response, the data was filtered using a 5th order Butterworth low-pass filter with a cut-off frequency of 8 Hz. The response data from each of the ramp tests were analysed using the Fast Fourier Transform (FFT) to estimate the sprung mass damped natural frequency, and the damping ratio was estimated from the envelope of the response using the Hilbert transform (Thrane, 1984) . 
Excitation-response experimental procedure and analysis
The excitation-response experiments were undertaken using a large-scale, in-ground servo-hydraulic vibration test system driven by a programmable random vibration controller. The rear-half of the transport van was placed on the platform and instrumented to simultaneously measure the acceleration excitation at the vibration table and the response of the sprung mass. The transport van was subjected to white noise acceleration within the frequency range of 1.0 -100.0 Hz at three different rms levels of 2, 4, and 6 m/s 2 (three individual experiments). The different rms intensities enabled the identification of any significant nonlinear behaviour in the vehicle suspension system. The measured excitation and response data were analysed using the FFT with a sub-record length of 10 s (frequency resolution f Δ = 0.1 Hz) to establish the transmissibility FRF. Once the transmissibility FRF of the vehicle was established, the sprung mass natural frequency and damping ratio of the suspension system were extracted using a least-squares regression curve-fit of the SDoF transmissibility FRF model from equation (9).
On-the-road experimental procedure
All vehicles were instrumented to measure the sprung mass mode vertical acceleration while travelling at various nominally constant operating speeds. The routes for the onthe-road experiments were selected based on numerous factors and considerations. The first consideration is the length of the road, which must be sufficiently long to allow for the random decrement signature to converge. As these experiments were undertaken as part of the initial study, the selected roads were quite long. A recent study into the minimum length of road found that accurate estimates using the random decrement analysis approach could be obtained for a road length of 10-15 km (Ainalis et al., 2017) .
The next consideration for the route is that it should ideally be devoid of stop signs, traffic lights, steep ascents or descents, etc. to ensure the vehicle is able to maintain the desired operating speed. Three roads were selected for the on-the-road experiments, resulting in six different routes in total (up and back). A detailed description of the routes and their selection criteria is given in Ainalis (2014) . The experimental details of the onthe-road experiments using the three transport vehicles travelling at three different nominally constant operating speeds are outlined in Table 3 .
Table 3
The traversed routes and nominally constant operating speeds for the three vehicles during the on-the-road experiments For the transport van, a passenger in the vehicle manually started and stopped the data acquisition system, while for the light and heavy transport vehicles the in-built GPS sensor was used to determine the correct start and end locations. Once the route is clear (i.e., no traffic), the driver gets the vehicle up to the desired nominally constant operating speed (± 3 km/h) and the on-the-road measurements begin. Once the vehicle reaches the end of the road, the driver turns the vehicle around where possible and the measurements are repeated for the return route. This procedure is repeated for all nominally constant operating speeds. Anytime the speed of the vehicle was not within ± 3 km/h, the data was excluded from analysis. An occasional lane change was required due to traffic or construction works in some cases, and so the driver increased or decreased the vehicle's speed to allow for these sections of data to be easily identified and excluded from the analysis. A detailed discussion of practical considerations for undertaking road vehicle vibration measurements, along with an investigation into the minimum pavement length required to establish the random decrement signature is presented by Ainalis et al. (2017) . The on-the-road data was pre-processed using a 5th order Butterworth low-pass filter with a cut-off frequency of 8 Hz to isolate the sprung mass mode response and analysed using the aforementioned random decrement-based analysis technique to estimate the sprung mass mode dynamic characteristics.
On-the-road experimental results
While the random decrement-based approach using on-the-road response data has been validated using a bespoke single-wheeled experimental vehicle, real transport vehicles introduce numerous complexities due to the multiple sources of excitation, and intricate suspension systems. This section presents the experimental results for three different road transport vehicles travelling over the various selected routes at different nominally constant operating speeds.
Case study 1: transport van
The first case study presents the experimental results for the HiAce transport van travelling over two rural roads near Melbourne, Australia. To provide a comparison with the on-the-road estimated dynamic characteristics of the transport van's sprung mass mode, the van was placed onto a large servo-hydraulic vibration table and subjected to predetermined vibration whilst the excitation and response were simultaneously measured and used to estimate the FRF.
On-the-road response data analysis
The measured acceleration response PSD functions of the transport van's sprung mass mode travelling over routes BG and GB are presented in Figure 4 , while Figure 5 shows the response PSD functions from routes SR and RS. Despite the fact that the sprung mass mode can be easily identified in all of the response PSD functions, the response is complex and contains speed-dependent effects. The speed-dependent effects can be seen in all sets of response PSD functions around 10-12 Hz. They are best evident in Figure 5 , where a clear shift in the second peak is observed as the vehicle's operating speed is increased. As the frequency of these peaks in Figure 5 are increasing with speed, they could be caused by wheel imbalance or transmission vibrations (Ainalis et al., 2015a) . Next, the random decrement technique was used to establish the random decrement signatures from the on-the-road response data. As the obtained random decrement signatures are similar between runs, only the signatures from the transport van travelling over routes BG and SR are shown in Figure 6 . The random decrement signatures have some minor variation between operating speeds but are generally consistent in shape, and appear to be heavily damped. 
Estimates of the sprung mass mode dynamic characteristics
The random decrement signatures are analysed using the Hilbert transform to estimate the sprung mass mode dynamic characteristics, with a typical example demonstrated in Figure 7 . From inspection of the random decrement signatures, a bandwidth is selected to find the slope of both the unwrapped instantaneous phase and the Hilbert envelope to estimate the sprung mass mode damped natural frequency and damping ratio, respectively. The estimates of the dynamic characteristics can then be input into the SDoF transmissibility model in equation (9) to obtain the FRF. Table 4 , along with the number of averages for each of the established random decrement signatures. While there are minor variations in the sprung mass natural frequency and damping ratio values between route combinations, generally the estimates are consistent between runs at different operating speeds. A minor difference in the estimates made using the on-the-road vibration response data is observed compared to those established using the excitation-response method. This demonstrates that not only are estimates from on-the-road measurement accurate (and more realistic as all wheels are excited), they afford a practical and straightforward alternative that does not require expensive equipment to operate and maintain.
Case study 2: light transport vehicle
The second case study focuses on estimating the dynamic characteristics of the light transport vehicle's sprung mass mode. During the on-the-road experiments, the vehicle's speed was simultaneously measured experiments and any events (one event = 10 s window) outside ± 3 km/h were excluded from the analysis.
On-the-road response data analysis
The measured acceleration response PSD functions of the light transport vehicle sprung mass from routes PA and AP are presented in Figure 9 . While the sprung mass mode is clearly identifiable, the increased complexity of the vehicle is evident in the numerous peaks beyond the sprung mass mode and it is difficult to identify the unsprung mass mode. The random decrement signatures established from the sprung mass response of the light transport vehicle travelling over routes PA and AP are presented in Figure 10 . The number of averages for each random decrement signature are also given in the figure and it should be noted that while it is expected that a slower vehicle speed will result in a greater number of averages, this is not the case for the light or heavy transport vehicles. The reason for this is due to the omission of events in the response data due to significant changes in the operating speed during the experimental runs. Despite this, the number of averages is more than sufficient and the established signatures are consistent in shape. The random decrement signatures also appear to be quite heavily damped, most likely due to the vehicle having no additional loading.
Figure 8
Comparison of the estimated FRFs of the transport van using a large-scale servohydraulic vibration table (left) with acceleration white noise at different rms intensities (∆f = 0.1 Hz), and the on-the-road estimated FRFs using the random decrement-based analysis technique (right) (see online version for colours) Figure 9 The measured response PSD functions of the light transport vehicle sprung mass travelling over routes PA (left) and AP (right) at various nominally constant operating speeds (∆f = 0.1 Hz) (see online version for colours)
Estimates of the sprung mass mode dynamic characteristics
The established random decrement signatures were analysed using the unwrapped instantaneous phase to estimate the damped natural frequency, and the Hilbert envelope to estimate the damping ratio. A typical example of the unwrapped instantaneous phase and Hilbert envelope for the light transport vehicle travelling over route AP at a nominally constant operating speed of 70 km/h is presented in Figure 11 . To provide a comparison with the estimates obtained using the on-the-road response data and the random decrement-based analytical approach, the light transport vehicle was also subjected to the CEU ramp test. Five experimental runs of the ramp test were undertaken; however, the vehicle was travelling below the required speed during the fifth run and the response data was unusable. A typical example of the filtered time response of the light transport vehicle sprung mass mode from the ramp test is presented in Figure 12 . All sets of response data were analysed using the FFT and Hilbert transform to estimate the sprung mass mode damped natural frequency and damping ratio, respectively.
The estimated dynamic characteristics of the light transport vehicle's sprung mass mode from the on-the-road experiments and CEU ramp test runs are listed in Table 5 . The sprung mass mode dynamic characteristics estimated from on-the-road data are all consistent and do not significantly vary with changes in the vehicle's operating speed. In comparison, the sprung mass natural frequency estimates from the ramp test are significantly greater, while the damping ratio estimates are comparable. The significant difference between the natural frequency estimates provides further evidence of the lack of relevance between the CEU ramp tests (and similar type-approval methods) and the behaviour of transport vehicles during normal operation. 
Case study 3: heavy transport vehicle
This section presents the results from the on-the-road experiments using the heavy transport vehicle. Again, the vehicle speed was simultaneously measured during the onthe-road experiments and any events (one event = 10 s window) outside ± 3 km/h were excluded from analysis.
On-the-road response data analysis
To provide a preliminary inspection of the vibration response, Figure 13 presents the measured response PSD functions of the heavy transport vehicle's sprung mass. From the measured response PSD functions there appears to be two closely-spaced modes of resonance around 2 Hz. While there are several potential causes of the presence of a closely-spaced second mode, the most likely explanation is due to the location of the accelerometer at the rear of the heavy transport vehicle. If the sensor is positioned away from the vehicle's centre of gravity, the vertical vibration measured is not only the heave (bounce) motion of the sprung mass, but also includes a vertical component of the angular pitch and roll motions. Since the sensor was positioned in the middle of the vehicle track, no roll component is measured, leaving only the vertical component of the vehicle's pitching motion as the likely cause of the second mode. The random decrement signatures established for the heavy transport vehicle travelling over routes PA and AP are presented in Figure 14 . The number of averages for each of the random decrement signatures are not proportional with the vehicle speed as would be expected, due to the exclusion of data that was outside of the desired operating speed (within ± 3 km/h). As seen in the light transport vehicle experimental results, the established signatures for the heavy transport vehicle are consistent in shape between the various operating speeds. The obtained signatures, however, have a rather unusual shape, which provides further evidence of the tangential component of the vehicle's pitch response observed in the response PSD functions. 
Estimates of the sprung mass mode dynamic characteristics
The established random decrement signatures for the heavy transport vehicle were then analysed using the unwrapped instantaneous phase to estimate the damped natural frequency, and the Hilbert envelope to estimate the damping ratio. A typical example analysis using the developed approach for the heavy transport vehicle travelling over route AP at an operating speed of 70 km/h is presented in Figure 15 . The CEU ramp test was also undertaken using the heavy transport vehicle for comparison with the on-the-road experiments. The ramp test was undertaken five times to examine the repeatability of the estimates, with a typical example of the filtered time response shown in Figure 16 .
Figure 16
Typical filtered time response of the heavy transport vehicle from the ramp test (run 3) (see online version for colours) Table 6 The estimated dynamic characteristics of the sprung mass mode of the heavy transport vehicle using the random decrement approach travelling over routes PA and AP A comparison of the sprung mass mode dynamic characteristics of the heavy transport from the on-the-road experiments and CEU ramp test are presented in Table 6 . The results show the two closely-spaced peaks around the sprung mass resonance have a significant effect on the natural frequency estimates and it is difficult to justify the selection of a single sprung mass mode natural frequency estimate. The sprung mass mode natural frequency estimates from the random decrement based approach appear to be taking an average value of the two peaks present in the response PSD functions, while the ramp test sprung mass mode natural frequency estimates are clearly from the lowest frequency peak. This illustrates one difficulty associated with estimating the dynamic characteristics of vehicles due to their numerous complexities.
Discussion and conclusions
This paper presented the results of three case studies using only on-the-road vertical vibration response data from different road transport vehicles to estimate the sprung mass mode dynamic characteristics. An analysis approach based on the random decrement technique was validated in previous research and used to establish the random decrement signature for each vehicle-speed-road combination. From the signatures, the sprung mass mode natural frequency and damping ratio were estimated using the Hilbert transform. The estimates of the sprung mass mode dynamic characteristics using the on-the-road response were compared with two commonly-used methods for estimating vehicle dynamic characteristics. The transport van was placed on a large-scale vibration table and subjected to band-limited white noise acceleration and the excitation and vehicle sprung mass response were simultaneously measured to establish the vehicle's FRF. The light and heavy transport vehicles, due to their size, were instead subjected to the CEU ramp test to induce a transient excitation in the vehicle, from which the subsequent free-decay vibration response was analysed to estimate the sprung mass mode dynamic characteristics. The estimates of the transport van's sprung mass mode dynamic characteristics were found to be consistent between experimental runs. Variation in the estimates was noted for some different routes, particularly the damping ratio. The on-the-road estimated values were compared with those obtained from the excitation-response experiments and found to differ, particularly the suspension damping ratio. The estimated dynamic characteristics for the light transport vehicle were also reasonably consistent between runs; however, there was a difference to those estimated from the ramp test. This provides further evidence in support of the use of on-the-road experiments, which do not remove the vehicle from normal use, and provide an improved representation of the vehicle's dynamic characteristics during operation.
However, one significant limitation was encountered during the on-the-road experiments using the heavy transport vehicle, with the measured response PSD functions showing two closely-spaced peaks around the sprung mass mode natural frequency. Mode separation was not possible without additional measurements to identify which resonance is due to the sprung mass mode vertical motion (heave), and which was due to the vertical component of the pitching motion. The random decrement approach took an average of the two modes of vibration, preventing the accurate estimation of the sprung mass mode natural frequency using the on-the-road approach. Fortunately, this limitation can be overcome through a change in the experimental procedure. One potential option is to measure the vertical vibration at the vehicle's centre of gravity, although this can be difficult to determine experimentally. A far easier alternative is to use an inertial measurement unit to simultaneously measure the pitch and roll angular vibrations during operation, which will assist in identifying the resonance corresponding to the vertical component of the pitch motion.
Despite this, the on-the-road approach can be used to obtain accurate estimates and the principal benefit of the approach is its practicality. It is relatively straightforward to instrument a vehicle to measure the vibration response (and an additional sensor to measure the vehicle speed). Furthermore, no expensive equipment (such as vibration tables) needs to be purchased and maintained, and the vehicle does not have to be removed from its normal operation. There are several potential future research avenues which should be undertaken in the next stages of research. Currently, the approach can only accurately estimate the dynamic characteristics of a road vehicle's sprung mass mode. While the unsprung mass mode is insignificant compared to the sprung mass mode, an improved approach would include the ability to estimate the unsprung mass mode's dynamic characteristics to provide superior transport vibration simulations and characterisations of road transport vehicles. The approach should also be extended to investigate the other significant vehicle vibratory modes, namely pitch and roll. This would enable a comprehensive representation of the dynamic characteristics of road vehicles during normal operation.
